Abstract
Introduction
Carotid endarterectomy (CEA) is well recognized as the best method for stroke prevention in patients with severe symptomatic and asymptomatic carotid artery stenosis [1] . Despite becoming the most common procedure performed in vascular surgery, several aspects of CEA are still under debate, especially those considering the optimal surgical technique (conventional or eversion) and the use of carotid shunting [2, 3] . Many surgeons prefer routine shunting [4, 5] , others use the shunt selectively based on various neuromonitoring techniques [6] , while some surgeons perform CEA without shunting [7, 8] . Similarly, in the current practice carotid endarterectomy is most frequently performed by eversion or conventional technique, based on the preference, training and experience of the respective surgeon [2] . Regardless of the shunting strategy and technique employed for the procedure, many authors report excellent results of CEA, with very low stroke and mortality rates [2] [3] [4] [5] [6] [7] [8] .
However, in the past decade a concern has been raised in regard to the subtle, subclinical brain damage during carotid revascularization [9] . In the search for specific biochemical markers of brain injury, analogue to troponin for myocardial ischemia, several compounds have been investigated, with special attention on neuron specific enolase and protein S-100B. Neuron specific enolase (NSE; γγ-enolase) is a glycolytic pathway isoenzyme predominantly present in neurons, which can be promptly released into blood after brain injury [10] . It has a biologic half-life of 20 hours, and is routinely used in clinical practice for prognostication after cardiac arrest [10, 11] . Calcium-binding S-100B protein is predominantly expressed and secreted by astroglial cells in the central nervous system, with a short half-life of 2 hours [12] . Albeit the predictive value of these biomarkers was demonstrated in a variety of pathologic insults to the brain such as cardiac arrest [13] , subarachnoid haemorrhage [14] , and ischemic stroke [15] [16] [17] , their significance in detecting subtle cerebral damage in patients undergoing surgery has not yet been elucidated. Elevated plasma concentrations of protein S-100B and NSE have been found to correlate with the occurrence of postoperative cerebral dysfunction in patients undergoing coronary and carotid revascularization by several authors [18] [19] [20] . In contrast, others found no association between the levels of serum biomarkers and development of subtle or clinically apparent neurologic deficit after carotid endarterectomy [21] [22] [23] [24] .
The aim of this study was to evaluate the changes in serum NSE and protein S-100B concentrations, after carotid endarterectomy performed with either of the two most commonly used approaches: conventional CEA with routine shunting and patch closure, and eversion endarterectomy without the use of shunt.
Materials and Methods
Ethical board of the Clinical Centre of Serbia, as well as the Ethics Committee of Belgrade Medical Faculty (decision 440/X-17) approved the study, and all patients gave informed written consent for participation in the trial.
This prospective, non-randomized study was conducted on patients operated for carotid stenosis during a four-month period (September 2012-January 2013) by two consultant vascular surgeons (MD and IK) at a referral, high-volume vascular center, in which CEA is performed either by eversion technique without shunting, or conventional technique with routine shunting and patch closure. Both surgeons underwent similar vascular training (provided by the senior author), and had comparable carotid endarterectomy volumes (>60 procedures per year) and neurologic complication rates (<1.2%) in the past five years. All consecutive patients with significant (>80%) carotid stenosis admitted for surgery by the two participating surgeons were included in the study. Although fully proficient in both surgical techniques commonly employed at our institution, each surgeon had more experience with one of the strategies, and for the purposes of the study was dedicated to it throughout the trial period. Exclusion criteria defined for this study were the following: urgent carotid endarterectomy, carotid restenosis, major surgery (including contralateral carotid endarterectomy) in the past six months, history of cancer, history of brain trauma or surgery, and patient incapacity to undergo surgery under regional anesthesia.
Preoperative evaluation included detailed history, laboratory analysis, carotid Duplex ultrasonography, brain multidetector computerized tomography (MDCT) and examination by an independent neurologist. All operations were performed under regional anesthesia achieved by the combination of superficial and deep cervical plexus block (20ml Marcaine + 14ml Lidocaine), without the use of volatile or intravenous general anesthetics. Neurologic status was assessed by the anesthesiologist during the entire procedure. Before and during carotid clamping blood pressure was medically maintained (phenylephrine, nitroglycerin) at about 20% above baseline levels in all cases. Physiologic monitoring included pulse oximetry, continuous standard ECG and invasive arterial pressure monitoring through the radial artery. Carotid bifurcation was routinely exposed through a longitudinal incision. Upon systemic heparinization (Heparin 100 IU/kg), carotid arteries were clamped for 2 minutes to test the adequacy of cerebral perfusion, and carotid stump pressure was measured. In patients without neurologic alterations during test clamping we proceeded with carotid endarterectomy without declamping. The patients were divided into two groups based on the technical preference of the operating surgeon. One of the surgeons (MD) performed conventional carotid endaretrectomy with the routine use of shunt (Polyshunt, Perouse Medical, Ivry le Temple, France) and Dacron patch (csCEA), while the other (IK) performed eversion carotid endarterectomy without the use of shunt (eCEA). Blood samples were drawn from the peripheral vein to determine the levels of neuron specific enolase and protein S-100B immediately before carotid clamping, after declamping (10 minutes after clamp release, allowing the equilibrium of observed biomarkers in peripheral blood), and 24 hours after surgery. Less than 30 minutes from collection, samples were centrifuged (3000 rpm for 10 minutes) and the serum was stored at -70°C for later analysis. Concetrations of NSE and S-100B were measured with the use of commercially available automated electrochemiluminescence immunoassays (Elecsys 2010, Roche Diagnostics GmbH, Mannheim, Germany). Detection limits for NSE and S-100B were 0.25 μg/L and 0.02 μg/L, respectively.
After surgery, all patients were monitored for 24 hours in the intensive care unit, and underwent follow up neurological examination, as well as brain MDCT on the first postoperative day. Patients with uneventful postoperative course were discharged from the clinic 48-72 hours after surgery and underwent further clinical and ultrasonography follow up through the outpatient clinic.
Statistical analysis was performed using SPSS 17.0 for Windows (SPSS, Chicago, Ill). Based on the published data on specific markers during carotid revascularization. power analysis was performed for changes in serum levels of NSE and S-100B between different time points (before surgery and 24 hours after surgery for NSE, and before surgery and after declamping for S-100B) [20, 22, 26] . The number of more than 38 participants (19 per group) was found to be sufficient for detection of significant difference of observed parameters within the groups, with the power of at least 0.80 and a significance level of 0.05. Continuous values of observed characteristics were presented by mean with standard deviation, while categorical variables were presented in percentages. Continuous variables between groups were assessed with Student's ttests and Mann-Whitney U tests, while the significance of categorical variables between groups was evaluated with chi-square tests and Fisher exact tests. Statistical difference for repeated measurements was assessed with Wilcoxon signed rank test, Friedman test and Kruskal-Wallis test. Post hoc analysis was performed with Dunn's Multiple Comparison Test. All statistical tests were two-sided with the threshold of significance set at P less than 0.05.
Results
During the trial period the two participating surgeons performed 61 carotid endarterectomies. Eighteen patients were excluded from the study: due to the urgent nature of carotid endarterectomy (3 patients), recent major surgery (7 patients), history of cancer (4 patients), incapacity to undergo surgery under regional anesthesia (2 patients), and refusal to participate in the study (2 patients). Finally, 43 patients met the inclusion criteria and were enrolled in the study. Twenty-one patients were operated with conventional carotid endarterectomy technique with the routine use of shunt and Dacron patch (csCEA group), while 22 patients underwent eversion carotid endarterectomy, without the use of shunt (eCEA group). Majority of patients were male (63%), with an average age of 66.3±7.5 years, and similar distribution of risk factors and comorbid conditions between the study groups ( Table 1) .
Nine (42.9%) patients in csCEA group and 12 (54.5%) patients in eCEA group sustained symptoms of cerebral ischemia (transitory ischemic attack or minor stroke) in the distribution of the diseased carotid artery within the 30 days preceding surgery, while the remaining patients were asymptomatic (P = ns). The two groups were also comparable in regard to baseline values of biochemical markers for atherosclerosis and inflammation (Table 2) . Average clamping time in the eCEA group was 28±5 minutes (range 18-38 minutes), while in csCEA group the carotid arteries were clamped in average 4.2±1 minutes (range 3.5-5 minutes), including test clamping, shunt placement and time after shunt removal to the completion of patch anastomosis (P = 0.001). The duration of surgery was significantly longer in csCEA compared to eCEA group (103.7±10.4 minutes vs. 89.2±16.3 minutes; P = 0.001), while the other intraoperative variables were similar between the two groups (Table 3) . No patients developed neurologic alterations during carotid clamping, and carotid stump pressure exceeded 45mmHg in all cases, indicating adequate cerebral collateral circulation. No deaths, neurologic, or other complications were recorded in the postoperative period. In all patients neurologic examination findings and brain MDCT scans 24 hours after surgery did not differ from preoperative controls.
The fluctuations of NSE and protein S-100B were analyzed at different time points within groups, as well as between the two study groups. There were no differences in baseline preclamp concentrations of observed parameters between the study groups. Mean baseline levels of NSE and protein S-100B were 9.51±4.23 μg/L and 0.065±0.031 μg/L, respectively.
In the csCEA group the concentrations of NSE significantly decreased from baseline values after carotid declamping (10.70±5.06 μg/L vs. 9.34±3.66 μg/L; P<0.01), and continued to decline 24 hours after surgery (6.92±2.61 μg/L; P<0.01). However, in the eCEA group NSE concentrations after declamping and 24 hours after surgery were higher than pre-clamp values, without statistically significant difference between time points (9.04±3.50 μg/L vs. 10.76±5.07 μg/L vs. 9.88±6.15 μg/L; P = ns). (Fig 1) Protein S-100B concentrations significantly increased in both groups upon carotid declamping, decreasing 24 hours after surgery. In the csCEA group measured S-100B concentrations In the analysis between groups, serum NSE concentrations were found to be significantly lower in the csCEA group compared to eCEA group 24 hours after surgery (6.92±2.61 μg/L vs. 9.88±6.15 μg/L; P = 0.006). The values of observed parameters did not significantly differ between the two groups at other time points. (Fig 3) Further sub-group analysis was performed according to the symptomatology of carotid disease. There was no difference in pre-clamp NSE concentrations between asymptomatic and symptomatic patients (9.40±2.93 μg/L vs. 9.63±4.88 μg/L; P = ns). In asymptomatic patients operated with the use of shunt, pre-clamp NSE levels (10.19±3.40 μg/L) significantly declined after declamping (8.28±1.91 μg/L; P<0.05) and 24h after surgery (6.59±2.23 μg/L; P<0.01), while in asymptomatic patients undergoing eversion endarterectomy without shunting, there were no significant changes in NSE concentrations at different time points (8.45±2.02 μg/L vs. 9.07±3.83 μg/L vs. 8.33±2.96 μg/L; P = ns). In symptomatic patients shunted during surgery NSE levels also demonstrated a tendency to decline on the first postoperative day ( (Fig 4) Baseline protein S-100B values were found to be significantly higher in symptomatic patients (0.054±0.021 μg/L vs. 0.078±0.041 μg/L; P = 0.026). In asymptomatic patients S-100B levels significantly increased after declamping, declining on the first postoperative day, in both csCEA (0. 
Discussion
The results of our study suggest different variations of serum NSE concentrations after carotid endarterectomy in relation to the shunting strategy and endarterectomy technique. Several investigators demonstrated significantly higher baseline NSE values in patients with carotid artery stenosis compared with general population [22, 25] , similar to our findings. In patients operated with the use of shunt (csCEA group) we noticed a significant decline of NSE levels after declamping and 24 hours after surgery. However, in the non-shunted (eCEA) group NSE concentrations slightly increased, accounting for the significant difference in NSE levels between groups on the first postoperative day. Rasmussen et al. [22] found a significant decrease of initially high NSE values 48 hours after surgery in 20 symptomatic CEA patients, speculating that elevated baseline NSE levels in patients with carotid stenosis (compared with patients operated for abdominal aortic aneurysms) could be the consequence of chronic neuron damage by microembolization, while the subsequent decrease could occur through the elimination of the embolic source. Brightwell et al. [25] recorded a significant postoperative decline of NSE values in patients subjected to carotid artery stenting compared to those undergoing CEA in regional anesthesia with a low shunting rate (10.7%). In this study carotid artery stenting was associated with significantly higher number of embolic signals, but substantially less hemodynamic disturbances, as recorded with trans-cranial Doppler monitoring [25] . Our results also suggest that the fluctuations in NSE values appear to be more sensitive to hemodynamic changes, even in the presence of apparently adequate collateral circulation determined by intact neurologic status of awake patients during cross-clamping, and values of carotid stump pressure. Postoperative decline of high baseline NSE levels in shunted patients could occur due to the early establishment of adequate, unobstructed antegrade blood flow through the treated carotid artery. We can hypothesize that the absence (or delay beyond 24 hours) of this effect in the non-shunted group could be the consequence of subtle perfusion and metabolic disturbances during carotid clamping and reperfusion. Furthermore, our finding of a significant increase in serum NSE concentrations on the first postoperative day only in symptomatic non-shunted patients, could indicate that patients with preexisting brain injury are particularly susceptible to metabolic and oxidative changes caused by relative brain ischemia and subsequent reperfusion. Changes of protein S-100B concentrations in our study seemed unaffected with the use of shunt or endarterectomy technique, suggesting different release mechanisms for the two potential markers of subtle brain injury. In both groups we noticed a significant increase in S-100B levels after declamping, with a tendency to decline 24 hours after surgery. Similar patterns were also recorded by others [24, 26] , offering several possible explanations. Intraoperative microembolization during manipulation and dissection of the diseased carotid artery could cause ischemic injury to neural and glial cells accounting for the increase in markers of brain injury. In a recent report, Yoshida et al. [27] found a high incidence (21%) of asymptomatic defects on diffusion-weighted images (DWI) obtained after conventional dissection of the carotid artery during CEA, emphasizing the importance of embolization during carotid surgery. Additionally, correlation between periprocedural embolization during carotid stenting and increase in S-100B levels was demonstrated by several authors [20, 25] . In favor of this argument is also our finding of significantly higher pre-clamp S-100B concentrations in symptomatic patients, which could be explained with greater embolic potential of symptomatic carotid plaques. Conversely, Godet et al. [24] found no difference in S-100B values between patients with uneventful postendarterectomy course and overt stroke, concluding that this protein could not serve as a marker of cerebral infarct after CEA in their study. In light of our findings and the absence of postoperative neurological impairment or new lesions on control brain scans in any of our patients, a more likely explanation would be that increased periprocedural embolization can lead to reversible changes in the permeability of blood-brain barrier, allowing for increased temporary leakage of S-100 proteins from cerebrospinal fluid to plasma, as suggested by others [25] .
In contrast to our results, Palombo et al. [21] found no differences between NSE and S-100B protein concentrations before and after carotid clamping in patients undergoing CEA with and without the use of shunt. However, blood sampling early after carotid declamping in this study might have easily missed and underestimated the changes in serum concentrations of observed parameters [21] .
Although most researchers hypothesize that discrete brain injury during carotid revascularization can occur either due to periprocedural microembolization or hypoperfusion, the role and significance of NSE and protein S-100B in detection and quantification of this injury are still unknown [20, [25] [26] [27] [28] [29] . Whether the variations in peripheral concentrations of these biomarkers represent irreversible neuronal and glial cell damage, reversible changes in the permeability of blood-brain barrier, or perhaps are a part of protective ("fever-like") response caused by metabolic flow-related changes, remains unclear [12, 25, 26] .
Limitations of this pilot study prevent us from drawing conclusions in regard to the pathophysiologic mechanisms and clinical relevance of our findings for several reasons. Firstly, having in mind controversial evidence published on the role of specific markers of cerebral injury during CEA, although deemed sufficient for this pilot study, the number of participants would have to be substantially higher in order to evaluate the clinical significance of these findings, preferably with provided direct insight in regional hemodynamic and embolic events by transcranial doppler and diffusion-weighted imaging. Secondly, numerous variations in surgical and anesthetic techniques between centers and surgeons performing CAE, probably decrease external validity of our findings [27] [28] [29] [30] . Finally, additional difficulties in comparison of various studies dealing with biomarkers of subtle brain injury during carotid revascularization, arise from diversity of potentially confounding methodological variables, such as patient selection, choice of anesthesia, clamp tolerance, surgical technique, shunting strategy, and methodology of blood sampling [19] [20] [21] [22] [23] [24] [25] [26] [27] [29] [30] [31] .
In conclusion, our results suggest different release patterns of NSE and protein S-100B during CEA in regional anesthesia. The variations of NSE concentrations seemed to be influenced by cerebral perfusion alterations during carotid clamping and the use of shunt, even in the presence of adequate collateral brain circulation. Routine use of shunting in symptomatic patients appears to have the potential to prevent the increase of serum NSE concentrations after carotid endarterectomy in regional anesthesia. Further investigations of the cause and significance of these fluctuations, as well as potential metabolic and oxidative cerebral changes during CEA, could have important implications on future clinical practice and choice of the preferential method for carotid revascularization.
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